The third step of protein splicing is cyclization of Asn coupled to peptide bond cleavage. In two related cyanobacterial inteins, this step is facilitated by Asn or Gln. For a Synechococcus sp. PCC7002 intein, the isolated third step of protein splicing is more efficient with its native Asn than with substitution to Gln. For a Trichodesmium erythraeum intein, its native Gln facilitates the third step as efficiently as with Asn. Despite these differences, the yield of splicing is not affected, suggesting that the third step is influenced by mechanism-linked conformational changes. A conserved catalytic His and the penultimate residue also play roles in promoting side-chain cyclization.
Protein splicing is a post-translational auto-processing event by which an intervening protein, or intein, catalyzes its own excision from flanking polypeptides, or exteins, concomitant with extein ligation (Fig. 1) [1, 2] . It is essential that the steps of splicing are tightly coordinated. If not, the N-terminal extein (N-extein) or Cterminal extein (C-extein) can be cleaved from the intein uncoupled from splicing, resulting in N-terminal cleavage or C-terminal cleavage, respectively (Fig. 1) .
Protein splicing proceeds by a four-step mechanism (Fig. S1 ) [1, 2] . In the first step, the amide bond linking the N-extein and intein is converted to a thioester by nucleophilic attack of the thiol of the N-terminal Cys on the preceding peptide bond. Second, the Nterminal Cys of the C-extein attacks the nascent thioester, creating a branched thioester intermediate. Both the linear and branched thioester intermediates are susceptible to N-terminal cleavage by hydrolysis or thiolysis. In other inteins, Ser can be found in place of the N-terminal Cys, or Ser or Thr can be found as the N-terminal residue of the C-extein, resulting in oxygen esters in place of thioester intermediates. In the third step, the C-terminal Asn of the intein cyclizes, cleaving the adjacent peptide bond linking the intein and C-extein and resulting in an excised intein with a C-terminal aminosuccinimide. If this cyclization occurs before branched ester formation, the intein promotes uncoupled C-terminal cleavage. Finally, the thioester linking the exteins is converted to the more stable amide, and the C-terminal aminosuccinimide may be hydrolyzed to either Asn or iso-Asn.
Although the C-terminal Asn of the intein is highly conserved [3] , there are inteins that can promote the third step of splicing with C-terminal Gln instead. We have shown that the Pyrococcus abyssi PolII intein, which has a native C-terminal Gln, can splice and promote C-terminal cleavage. However, the rates of both splicing and C-terminal cleavage are significantly enhanced with mutation of the native Gln to the conserved Asn [4] , which is unsurprising given that the five-membered ring formation of the succinimide intermediate should be kinetically favorable when compared to formation of the six-membered glutarimide. We have made similar observations with inteins that have native C-terminal Gln from Methanoculleus marisnigri and Halobacterium salinarum [5, 6] . However, an intein from the Chilo iridescent virus with native C-terminal Gln also can promote splicing, but conversion to the conserved C-terminal Asn promotes splicing less efficiently in Escherichia coli, and diverts the intein precursor mostly to uncoupled cleavage [7] .
To investigate intein preference for C-terminal Asn or Gln, we identified two related cyanobacteria inteins that differ mostly in their C-terminal sequence (Fig. S2) , Ssp Ndse and Ter Ndse1. The Ssp Ndse intein, which interrupts the dTDP-glucose 4,6-dehydratase from Synechococcus sp. PCC7002, has a Cterminal sequence of Cys-Gly-Asn. The Ter Ndse1 intein, the first of two inteins that interrupt the nucleoside diphosphate sugar isomerase from Trichodesmium erythraeum, has C-terminal Cys-Gly-Gln. The inteins have 63.3% sequence identity and 78.5% sequence similarity, as estimated using the EMBOSS Water tool [8] . Within conserved intein sequence motifs (Fig. S2) , the inteins have 68% identity and 81% similarity. Both inteins can promote efficient in vivo splicing with either C-terminal residue, although C-terminal cleavage of the Ssp Ndse intein is more efficient with C-terminal Asn.
Materials and methods
To study these inteins, we created an E. coli expression vector to express fusion proteins with inteins (I) flanked by an N-terminal His-tag and E. coli maltose-binding protein as the N-extein (HM) and E. coli glutathione-S-transferase (G) as the C-extein (Fig. 1) . HMIGSsp has HM, followed by the 15 C-terminal residues of the N-extein, the 332 residue Ssp Ter intein, the 13 N-terminal residues of the C-extein, and G. HMIGTer has HM, followed by the 17 C-terminal residues of the N-extein, the 336 residue Ter Ndse1 intein, the 13 N-terminal residues of the C-extein, and G. We generated the expression vectors by subcloning into pHMIGLon [9] , using appropriate oligonucleotide primers to amplify the intein-containing genes by PCR from genomic DNA. Genomic DNA from Trichodesmium erythraeum IMS101 was a kind gift from Sonya Dyhrman, [10] . Particularly in cases in which the unspliced precursor is the major protein product of HIMGSsp or HMIGTery, residual homing endonuclease activity likely decreases the yield of overexpressed protein [10] . To study isolated C-terminal cleavage of the inteins, we made Cys1Ala mutations of both HMIGSsp and HMIGTer by site directed mutagenesis using appropriate primers.
We previously described the details of procedures used for protein expression and purification [6, 9] . We overexpressed the proteins in E. coli BL21(DE3) (Novagen, Millipore Sigma, Darmstadt, Germany) or E. coli HI-Control BL21(DE3) (Lucigen, Middleton, WI, USA), with 16 h incubation at 20°C after induction with isopropyl b-D-1-thiogalactopyranoside [6] . We centrifuged the cells and either used cell pellets immediately for purification or froze them for future use. We suspended cell pellets in buffer A (20 mM HEPES [4-2-(hydroxymethyl)-1-piperazineethanesulfonic acid], pH 7.5, 500 mM NaCl), disrupted the cells by incubation with BugBuster Extraction reagent [6] , and purified the soluble cell extract using amylose resin [9] .
To study the extent of in vivo protein splicing, we analyzed the purified protein by SDS/PAGE and western blot [6] , all as previously described. Therefore, purified proteins observed on gels and blots should include the N-extein, given that they were purified via the MBP, and therefore should also include a poly-His tag. We verified this via western blot using His-Detector Nickel-AP conjugate, as previously described [5] . To verify SDS/PAGE bands containing the C-extein, we used western blot probed with GST-Tag monoclonal antibody (EMD), as previously described [9] . We also verified the identity of protein bands by N-terminal sequencing [6] . We calculated the percentage of cleavage or splicing by densitometry of SDS/PAGE experiments using IMAGEJ [11] , correcting for the molecular mass of the protein. For analysis by matrixassisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry (MS), we first exchanged the protein from elution buffer into water using a Millipore Ultracel-0.5 centrifugal filter with a 3000 Dalton molecular weight cut off. Mass spectral data were obtained by the University of Massachusetts Mass Spectrometry Center using a Bruker Daltonics MALDI-TOF/TOF instrument in linear mode with 2,5-dihydoxybenzoic acid as the matrix.
Results and Discussion
The Ssp Ndse intein has a C-terminal Asn, whereas the Ter Ndse1 intein has a C-terminal Gln. As such, we hypothesized that the third step of splicing should be faster for the Ssp Ndse intein. To study the third step in isolation, we made Cys1Ala mutants of both HMIGSsp and HMIGTer. This mutation prevents steps one and two of splicing, which should permit only the uncoupled third step to proceed. Uncoupled C-terminal cleavage would convert the precursor (HMIG) to HMI and G. In Fig. 2 , we show SDS/ PAGE analysis of protein purified via the N-terminal maltose-binding protein, and therefore anticipate HMIG and HMI as potential products. The identities of these products are verified by the reaction of HMIG and HMI with the Ni-AP reagent, and by the reaction of HMIG with the anti-GST antibody.
For HMIGSsp ( Fig. 2A) , C-terminal cleavage proceeds to 73% with the wild-type C-terminal Asn, but is reduced to 26% with mutation to Gln. However, for the Ter Ndse1 intein (Fig. 2B ), C-terminal cleavage is efficient with both the native C-terminal Gln (87%) or with mutation to C-terminal Asn (85%). As noted above, the Chilo iridescent virus intein, which has native C-terminal Gln, promotes splicing more efficiently than with substitution to the more highly conserved C-terminal Asn [7] . This is also the case for in vivo C-terminal cleavage of a Cys1Ala mutant, although further C-terminal cleavage in vitro is more efficient with Asn. On the other hand, the PolII inteins from P. abyssi, M. marisnigri, and H. salinarum all splice more efficiently with C-terminal Asn than with their native C-terminal Gln, and the P. abyssi intein promotes uncoupled C-terminal cleavage more efficiently with Asn as well [4, 5, 6, 12] . It is not surprising that an intein that has evolved to catalyze cyclization via Asn might not be able to catalyze Gln cyclization as well, as we would anticipate that six-membered ring formation via cyclization of Gln should be slower than five-membered ring formation via cyclization of Asn.
It is likely that Asn or Gln cyclization is intein catalyzed. Highly conserved His residues in block F and block G have been proposed to facilitate catalysis of the cyclization [2] . However, both the Ssp Ndse and Ter NdseI inteins have Gly in place of the conserved penultimate block G His. We hypothesized that changing the penultimate Gly in each intein to the highly conserved His would help facilitate more efficient uncoupled C-terminal cleavage. However, substitution of the penultimate Gly to His decreased the efficiency of uncoupled C-terminal cleavage (Fig. 2) . For the Ssp Ndse intein, cleavage with the wild-type C-terminal Asn was reduced from 73% to 25% on conversion of Gly331 to His, and with the C-terminal Gln cleavage was reduced from 26% to 19%. C-terminal cleavage was reduced for the native Ter Ndse1 intein as well, with C-terminal cleavage of 87% with native Gly335 and only 31% with conversion to a penultimate His. However, on substitution to C-terminal Asn, mutation of the penultimate Gly to His had less effect, with a reduction of cleavage from 85% to 69% (Fig. 3) .
Other inteins lack a penultimate His residue, and the result of substitution to His is variable [9, [13] [14] [15] [16] [17] . For instance, Gly is the penultimate residue in the Chlamydomonas eugametos ClpP intein, and the intein cannot promote splicing without substitution of the Gly to His [16] . However, splicing of the active Methanococcus jannaschii RNA polymerase subunit A' intein is inhibited when its penultimate Gly is changed to His [13] . It has been proposed that the penultimate His may serve to stabilize the tetrahedral intermediate formed on cyclization, increase the electrophilicity of the backbone amide, or protonate the amino leaving group [18] [19] [20] [21] [22] . However, the preference for Gly over His may suggest that conformational flexibility in the active site is more important than a potential catalytic role played by the block G His in these inteins.
For HMIGSsp, we hypothesized that the slower Cterminal cleavage with the Gln substitution would result in N-terminal cleavage. That is, if the third step of splicing is slow, the thioester formed in steps one or two might be susceptible to hydrolysis. Therefore, we also examined the splicing of the intein fusion proteins, which should result in the conversion of the precursor (HMIG) to the spliced product (HMG). Both HMIGSsp and HMIGTer promote splicing very efficiently with no remaining precursor and with no additional N-terminal cleavage on substitution to the non-native C-terminal residue (Fig. 3) . As with Cterminal cleavage, conversion of the penultimate Gly to His also reduces the extent of splicing (Fig. 3) . For HMIGSsp, mutation of Gly331 to His results in splicing only to about 45% with the native C-terminal Asn, and to 16% with C-terminal Gln. For HMIGTer, splicing is reduced with mutation of Gly 335 to His to 60% with the native C-terminal Gln and 75% with Cterminal Asn.
We verified the identity of the SDS/PAGE band for the spliced product HMG by western blot. The spliced product was purified via the N-terminal MBP; reactivity with the anti-GST antibody suggests that the band attributed to HMG contains both exteins (Fig. 3) . The band below HM has an N-terminal sequence consistent with native E. coli maltose-binding protein and is likely the result of purification of this noninduced protein; this band is more prominent in lanes where Fig. 2 . C-terminal cleavage of cyanobacterial inteins. Analysis of the products of C-terminal cleavage of the Ssp Ndse (A) and Ter Ndse1 (B) inteins, each with Cys1Ala mutations. C-terminal cleavage results in conversion of HMIG precursor (112 kDa) to HMI (85 kDa) and G (27 kDa). Protein was purified via amylose resin, such that HMIG and HMI are the expected products and G should not be present. SDS/PAGE (left panel), followed by western blot probed with Ni-AP reagent to detect N-terminal His-tag (middle panel) and western blot probed with anti-GST antibody (right panel). Protein lanes labeled 'C1A' are HMIG with a Cys1Ala mutation to permit only C-terminal cleavage; other mutations are indicated above the lanes and are in addition to the C1A mutation.
overexpression was less efficient. We also verified the identity of the spliced product HMG via MALDI-TOF/TOF mass spectrometry. The predicted mass of the spliced products for HMIGTer and HMIGSsp are 73,666.9 Da and 73,416.6 Da, respectively, and we observed m/z values of 73,655 and 73,623, both less than 0.3% variance from the expected values (See Fig. S3 ).
It is interesting that although isolated C-terminal cleavage with HMIGSsp is less efficient with C-terminal Gln than the native C-terminal Asn, there is not the same effect on splicing. Likewise, for the P. abyssi PolII intein, which has native C-terminal Gln, both Cterminal cleavage and splicing are accelerated with substitution to Asn, but the splicing reaction is coupled such that acceleration of the rate determining third step does not lead to significant C-terminal cleavage instead of splicing [4] . It is possible that isolated C-terminal cleavage of Cys1Ala mutants might not always reflect the rate of the third step of the splicing process. Conformational changes linked to the first and/or second steps of splicing may be required to properly align the active site to catalyze step three of splicing. For example, in a semisynthetic version of the Mycobacterium xenopi GyrA intein, formation of the branched ester accelerates the rate of succinimide formation, and a crystal structure suggests that this rate acceleration is due to optimal positioning of the Cterminal Asn side chain amide nucleophile due to a specific hydrogen bond not found in the structure of the linear precursor [23, 24] . Branched ester formation also accelerates Asn cyclization for the split Nostoc punctiforme DnaE intein [25] . Likewise, a block B Arg that likely assists C-terminal Asn cyclization is reoriented into the catalytic position after steps one or two with the Synechocystis sp. PCC6803 DnaE intein [26] , and the catalytic Asp F:4 prevents C-terminal cleavage ahead of branched ester formation for the Pyrococcus horikoshii RadA intein [27] . Some inteins cannot promote C-terminal cleavage at all without prior cleavage of the N-extein-intein bond or the completion of preceding steps [9, 23, [28] [29] [30] . For many inteins structures, the distance between the splice junctions is too large for chemistry to occur without a conformational change (as reviewed in [31] ).
For the Ter Ndse1 intein, Asn and Gln cyclization uncoupled from splicing occur to roughly the same extent (Fig. 3B) . This suggests that activation of the side chain is not the likely means of catalysis since the side chains are of different length, pointing instead to activation of the electrophilic backbone amide carbonyl or protonation of the leaving amino group. Alternatively, the six-membered ring formation promoted by Gln may require a more conformationally constrained active site environment than the more facile five-membered ring formation promoted by Asn.
For the Ssp Ndse intein, uncoupled side chain cyclization is more efficient with the native Asn than when the residue is mutated to Gln, but this does not affect splicing (Fig. 3A) . Possible explanations include that, on branched ester formation, the active site becomes sufficiently constrained to properly orient the Gln side chain, or that, unlike most inteins, the cyclization step is not rate determining. For both inteins, the preference for penultimate Gly suggests that conformational flexibility is important in the active site, perhaps allowing proper alignment of catalytic residues after steps one or two. We also hypothesized that the conserved His F:13 plays a catalytic role in splicing or C-terminal cleavage (Fig. 4) . (Note that the His is at the conserved position 13, although it is not the 13 th residue in the block for this intein.) Structural and computational evidence from the Synechocystis sp. PCC6803 and M. xenopi Gyr A inteins suggest that His F:13 may play a role in deprotonating or activating the side chain nucleophile. If that is the case for our inteins, it is likely that we would see differential effects with C-terminal Asn or Gln. For HMIGSsp, mutation of the block F His to Ala does not affect splicing with the native Asn, but completely diverts splicing to unspliced precursor or N-terminal cleavage product with C-terminal Gln (Fig. 4A) . For uncoupled C-terminal cleavage with or without the block F His, cleavage via native Asn is reduced from 86 to 6% and cleavage via Gln is reduced from 25 to 10% (Fig. 4B) . For HMIGTer, splicing is diverted to N-terminal cleavage for the wild-type intein when the block F His is converted to Ala, but splicing is not affected if the C-terminal Gln also is substituted to Asn (Fig. 4C) . For isolated C-terminal cleavage with either Asn or Gln with HMIGTer, mutation of the block F His to Ala reduces C-terminal cleavage from 83% to 20% (for Gln) or 77% to 34% (for Asn). These data present a complicated role for this residue. Considering C-terminal cleavage in isolation, both Asn and Gln are similarly affected by the mutation in both inteins, suggesting that the block F His is important either catalytically or in maintaining the orientation of the active site. Given that both side chains are affected, it is likely not acting by activating the side chain. However, since splicing with Gln is affected, but not with Asn, it is possible that the active site conformation formed after steps one or two of splicing properly positions other catalytic residues that are sufficient to promote the cyclization of the Asn, which should cyclize more easily. However, cyclization to create the more slowly forming glutarimide may require activity of the block F His. Although the Ssp Ndse intein has native C-terminal Asn and the Ter NdseI has native C-terminal Gln, they are closely related in sequence, and both may have evolved to facilitate cyclization of Gln.
Given the sequence similarity of the two inteins in conserved motifs, we hypothesized that mutation of a residue in the Ssp Ndse intein to the corresponding residue in the Ter Ndse1 intein could improve uncoupled C-terminal cleavage in the Ssp Ndse intein with the non-native C-terminal Gln. We tested mutations of Val327Ala + Phe329Trp, Leu320Phe + Lys315Thr, Asn308Lys, Lys60Asn, Lys69Trp, and Asp4Ser + Gln5Lys in HMIGSsp N332Q; no mutants showed any increase in the extent of C-terminal cleavage (data not shown).
Our results suggest that these inteins have evolved to control the steps of splicing. The observation of side reactions that occur with inteins whose active sites have been modified by mutation can be misleading, as fully catalytically competent inteins might prevent such side reactions by mechanism-linked conformational changes. The substitution to Gln observed in some inteins, which requires only a single base pair change, can result in slower C-terminal cleavage. However, tight control of the order of the steps of splicing can prevent a slower third step from diverting the splicing process to unproductive cleavage reactions, unless key residues that control the progression of the steps (such as residue F:4) or control the unusual cyclization (such as residue F:13) are also changed. 
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